Introduction
In multicellular organisms, cells do not differentiate independently. Initially, the fates of distinct cells are linked to one another, and it is later that cell determination makes cell fates independent. Cell-surface receptors of the Notch family have been implicated in many cell differentiation and cell determination events [1] [2] [3] , indicating that cell determination of many distinct cell types may share common molecular features. To help identify such common features, we have studied Notch signaling in the early steps of retinal differentiation in Drosophila.
The effect of null mutations at the Notch gene was first noted in the embryonic Drosophila nervous system [4] . During normal development, the fate of each cell in the neurogenic ectoderm is determined by its level of Notch activity, with low activity leading to neuroblast segregation and high activity to epidermal differentiation. In Notch null mutants, essentially all the cells become neuroblasts and ventral epithelium is not produced [5] ; this occurs cellautonomously in genetically mosaic embryos [6] . Conversely, constitutive activation of Notch prevents neuroblast differentiation and all the cells become epidermal [7] [8] [9] . The essential ligand is Delta, another transmembrane protein expressed on neighboring cells [10, 11] . A second activating ligand encoded by the Serrate (Ser) gene is not normally involved in neurogenesis, but if expressed in the neurectoderm inhibits neurogenesis in every cell [12] .
Notch signal transduction activates the transcription of genes in the Enhancer of split (E(spl)) complex [13] [14] [15] [16] . Embryos lacking E(spl) gene function show neural hypertrophy similar to Notch null mutants [5] . Many E(spl) genes encode basic helix-loop-helix (bHLH) proteins which inhibit the proneural genes encoded by the achaete-scute gene complex (AS-C) [17] [18] [19] . Proneural genes, in turn, encode bHLH transcription factors required for neural development, which does not occur in proneural null mutants [20] [21] [22] [23] . Notch represses neural development in epidermal cells by inhibiting proneural gene function through expression of the E(spl) proteins [7, 11, 13, 19, 24] .
How a spatial pattern of Notch activity arises is poorly understood. Patterns of neural precursor cell determination do not seem to be predicted by the distribution of Notch and Delta proteins [25] [26] [27] [28] . Furthermore, there is evidence from different neural tissues that Notch signaling might be important at different times. Notch has been implicated in the initial selection of precursor cells [11, [29] [30] [31] . Other data suggest a later function to continue the inhibition of neighboring cells [32, 33] . In Xenopus and chick, Delta homologues are expressed only after neuroblast differentiation; the prevailing model is that neurectodermal cell fate is signaled by interactions with differentiating neuronal neighbors [34, 35] . In grasshoppers and other insects, it is known that selection of neural precursors can be inhibited by other neural cells that differentiated much earlier [36, 37] . In Drosophila, by contrast, Delta is not expressed by segregated neuroblasts [26] . These examples suggest that Notch signaling might inhibit neural differentiation at distinct steps in different tissues and organisms. This diversity contrasts with the conservation of the signaling components themselves.
In order to investigate the patterning of Notch activity, it would be helpful to describe exactly how levels of Notch signaling, and of sensitivity to such signaling, change around the time of neural cell determination. This is now possible using techniques for conditional activation and inhibition of Notch signalling, and reagents specific for target genes. In this study, we sought to make a precise spatial and temporal description of the pattern of Notch activity, and of the cellular responses, during determination of the R8 photoreceptor neurons of the developing Drosophila retina. This system is useful because R8 cell determination requires a single proneural bHLH gene, atonal (ato), which is not linked to the AS-C proneural genes [38, 39] , and because eye differentiation occurs in a precise pattern in which both the spatial relationships of cells and their temporal stage are readily distinguished [40] (Fig. 1 ).
R8 photoreceptor neurons are the first retinal cell type to differentiate [40] . As eye differentiation progresses from the posterior of the eye imaginal disc to the anterior, the R8 cells of each ommatidial column arise in the morphogenetic furrow separated by about ten other cells [27, 40] (Fig. 1) . R8 cell differentiation autonomously requires ato. In ato null mutants, no ommatidia differentiate because differentiation of the other cell types depends on presence of R8 cells [39, 41] . Loss of Notch function in Notch ts mutants de-represses ato expression and leads to differentiation of groups of R8 cells in place of single cells [27, 42] .
In normal development, ato is expressed in a dynamic pattern (Fig. 1) [41] . Expression begins in undifferentiated cells anterior to the furrow, and is lost progressively until only expression in the array of R8 precursor cells remains. Three successive phases of expression are distinguished. The band of ubiquitous expression ahead of the furrow may be described as the 'prepattern' expression phase because it is a pattern that precedes and differs from the pattern of differentiation that follows later [43] . At the anterior of the furrow, expression becomes restricted to 'intermediate groups' of about ten cells each, reflecting loss of expression from the intervening cells (Fig. 1) [41] . The intermediate groups stage is replaced in the next column (column 0) by expression in one cell from each group. These isolated cells are the R8 precursors. The phase of R8 cell expression lasts about eight hours, corresponding to columns 0-3 ( Fig. 1 ) [41] . During this phase, R8 precursors recruit the other precluster cells (R2, R3, R4 and R5) into ommatidia and neural differentiation begins. One distinction between prepattern and later expression patterns has already been noted: in an ato mutant, only the prepattern expression occurs, indicating that, from the intermediate group stage onwards, ato transcription is dependent on ato gene function [41] (Fig. 1c) .
Here, we have used conditional loss-of-function and gain-of-function alleles of Notch, as well as directed expression of Ser, to investigate which phases of ato expression are repressed by Notch signaling. To assess effects on R8 determination and differentiation, we have used antibody probes for the products of genes expressed by differentiating R8 photoreceptors: antibodies specific for the products of Notch response genes in the E(spl) complex; antibodies specific for the product of the R8 proneural gene ato; and antibodies against the scabrous (sca) product. As sca is a transcriptional target of proneural genes, it provides an assay for ato function [44, 45] (Fig. 1e) . We report that ato expression is coupled to Notch signalling only at a critical autoregulatory stage, and infer distinct mechanisms for insensitivity at other times. We propose that transitions between successive phases of proneural gene expression are important for neuronal pattern formation.
Results

Gene expression during R8 singularization
The progressive development of the eye disc is highly suited to temporal studies of development. Columns of ommatidia develop at 90-minute intervals as the morphogenetic furrow progresses from posterior to anterior across the eye disc; each eye disc therefore contains columns at distinct stages of development at each distance posterior to the furrow, beginning with column 0 closest to the furrow [40] . The changing pattern of ato expression is readily apparent, being first detected in all nuclei just ahead of the furrow, then in intermediate groups, and then in R8 cell precursors of columns 0-3 (Fig. 1a,d ). In an ato mutant disc, only the prepattern expression is seen (Fig. 1c) .
Within each column, ommatidia describe a still more precise time series, initiated in the center of the eye disc and extending towards the lateral eye margins [40] (Fig.  1b) . We estimate that each ommatidium develops 15 minutes apart from its lateral neighbors. Details of ato expression during the emergence of single R8 cells from intermediate groups are shown in Figure 2c ,d. Starting at the intermediate group stage, sca is expressed in the same pattern as ato [42] (Fig. 1e) . The pattern of sca expression therefore showed a corresponding evolution during R8 singularization (Fig. 2g) .
R8 development in a temperature-sensitive Notch mutant
In order to ask when Notch function was required to repress proneural development, we used the conditional heat-sensitive loss-of-function allele Notch ts1 [46] (Fig.  2a,b) . (In the Notch ts1 protein, the glycine at position 1272 is substituted by an aspartate; the mutant protein is produced, although subcellular location can be affected in some cells [47] .) Notch function might be required by any of the cells that lack ato expression, including the intervening cells separating intermediate groups at the anterior of the furrow, intermediate group cells that repress ato during R8 precursor selection, or to keep ato expression off in cells other than R8 precursors during the development of columns 0-3.
As development proceeded at the restrictive temperature, groups of uninhibited cells expressing ato were left behind as the furrow advanced ( Fig. 2e-i) . Repression was affected rapidly after shift to restrictive temperatures, so that half a column was affected after only 1 hour (Fig. 2e) . In contrast, ato expression was never reactivated by cells that were in columns 0-3 at the start of the shift. For example, after 2 hours without Notch function, column 0 contained unresolved intermediate groups, but single R8 cells remained in columns 1-3 (Fig. 2f) . These results argue for roles only in the initial repression of proneural development; any requirement for Notch to maintain ato repression after loss from the non-R8 cells would have to be very brief not to have been detected. We also performed similar experiments looking at sca expression instead of ato, with similar results (Fig. 2g-i) .
Effect of activated Notch on R8 development
We asked when Notch activation was able to repress proneural development. Expression of the Notch intracellular domain (Notch intra ) acts like a constitutive Notch signal [7] [8] [9] . In the hsNotch intra eye, a single pulse of Notchintra expression from the hsp70 gene promoter led to a gap of about four columns lacking any photoreceptor differentiation, such that this region resembled an ato mutant (Fig.  3a) . Activated Notch intra might affect ato expression during the ubiquitous prepattern phase, during R8 singularization at the intermediate group stage, or during R8 differentiation in columns 0-3.
Nuclear Notch intra protein was observed within 1 hour of heat shock and remained detectable for about 3 hours (data not shown). Changes in ato expression were seen within 90 minutes. The protein vanished from R8 cells of columns 0-3, but persisted in the domain anterior to the furrow (Fig. 3b) . A similar pattern was seen up to 6 hours following heat shock. Expression persisted anterior to the furrow, but no R8 cells were detected. 6-8 hours following heat shock, individual R8 cells began to resolve from the anterior furrow domain as more normal development resumed (Fig. 3d) . Effects on sca expression were also seen. At 90 minutes after heat shock, the Sca protein disappeared from R8 cells. Anterior to the furrow, sca expression was extended to a domain similar to that of ato (Fig. 3c) . Expression of sca in R8 cells began to reappear 6-8 hours after heat shock (Fig. 3e) We examined the morphology of furrow cells in hsNotch intra eyes using the cobalt sulfide (CoS) staining technique ( Fig. 3i) . At 2 hours after heat shock, the morphology of ommatidial preclusters in the furrow seemed little changed (Fig. 3j) . However, by 4 hours after heat shock, there were dramatic changes (Fig. 3k) . Characteristic apical profiles of the first four columns disappeared. The effect seemed simultaneous in all these four columns and did not affect anterior columns before posterior. By 6 hours after heat shock, the former ommatidial cells of columns 1-3 were unrecognisable (Fig. 3l) . These observations showed that the four columns that lost ato expression also showed dramatic effects on ommatidial cell morphology.
In addition to repression of proneural development, several observations indicated that morphogenetic furrow progression was arrested or slowed by Notch intra expression. Whether assessed by ato expression, sca expression, or morphologically after CoS staining, all columns were affected simultaneously, not in a progressive anterior-toposterior order as expected if normal furrow progression continued during Notch intra expression. A single pulse of Notch intra expression blocked differentiation of four ommatidial columns, but about three more would be affected if the furrow continued to advance during the 6 hours following heat shock. In further experiments, we found that a second heat shock 4 hours after the first affected the same cells, confirming that the furrow had progressed little during Notch intra expression (Fig. 3f-h ).
Effect of directed ligand expression on R8 development
Expression of Notch intra protein affected R8 cells at later stages than did Notch ts1 . To test whether intact Notch protein would also affect these cells, GAL4-driven ligand expression was used to activate endogenous Notch. GAL4 protein encoded by sca GAL4 , an enhancer-detector insertion at the sca locus, drove the expression of a UAS-LacZ reporter gene in the R8 photoreceptor and in many surrounding cells from column 1 onwards (Fig. 4a) . Although this expression pattern was related to that of the endogenous sca gene, sca GAL4 led to more extensive and long-lived reporter expression in the non-R8 cells than other enhancer-detector insertions at the sca locus (data not shown). As Ser can activate Notch in every cell [12] , UASSer was used for this experiment.
Expression of Ser under sca GAL4 control led to loss of R8 cells and of other photoreceptor cells, with incomplete penetrance. Nearly all the ommatidia (97.2 %) differentiated fewer than the normal eight photoreceptor neurons (Fig. 4b) . The mean number of photoreceptor cells per ommatidium was reduced to 5.3, indicating 2.7 missing cells, on average. These partial ommatidia mostly resulted from a failure to recruit photoreceptor cells after R8. More rarely, R8 differentiation was also prevented; in these cases, ato expression was lost from the R8 precursor cell and a gap in the ommatidial array resulted from failure to recruit the other cells (1.4 % of ommatidia; Fig. 4b,c) . In summary, targeted expression of Ser inhibited both R8 Intermediate group and R8 precursor expression has been lost. (c) hsNotch intra 4 h after 1 h heat shock. Expression of sca is restricted to the anterior of the furrow. Intermediate group and later expression has been lost, and expression anterior to the furrow is expanded compared with the ato domain. (d) hsNotch intra 6 h after 30 min heat shock. Expression of ato is beginning to resolve at the posterior as R8 development resumes. (e) hsNotch intra 10 h after 1 h heat shock. R8 cells in new columns 0 and 1 express sca. The undifferentiated region is bracketed. R8 spacing in column 1 is reduced compared with wildtype. R8 spacing in column 0 is increased. At least one such cycle of alternating R8 density occurs before more normal spacing resumes. cell differentiation, as Notch intra expression did with complete penetrance, and differentiation of other photoreceptor cells, as has also been described for Notch intra expression [48] . Therefore, Notch intra protein may have similar signaling capabilities to intact Notch protein activated by the Ser ligand.
Sensitivity to Notch during R8 differentiation
As most eye disc cells express the Notch ligand Delta [27, 28] , the Notch ts1 phenotype should be reversible if endogenous ligand could activate Notch in differentiating R8 cells. To determine when endogenous ligands would activate Notch, extra R8 development was allowed to proceed in Notch ts1 at the restrictive temperature, and then Notch function was restored after various times with shifts to the permissive temperature. R8 cells were assayed by monitoring ato or sca expression.
The development of extra R8 cells in columns 0 and 1 was inhibited after return to the permissive temperature; cells lost ato and sca expression until few R8 cells had R8 cell neighbors (Fig. 5a-f) . When extra R8 cells occupied column 0 after 2 hours at the restrictive temperature, recovery at the permissive temperature was almost complete such that nearly all R8 cells were isolated (Fig. 5f,h ). When extra R8 cells also occupied column 1 after 4 hours at the restrictive temperature, recovery at the permissive temperature was incomplete such that some continued to differentiate, giving rise to a mild neurogenic phenotype (Fig. 5c,g ). When extra R8 cells occupied column 2 after 6 hours at the restrictive temperature, there was little recovery at the permissive temperature [27] (Fig. 2b) .
The fate of cells inhibited during R8 differentiation was followed by marking with ␤-galactosidase. Notch ts1 larvae were used that also contained an insertion near the sca gene leading to transcription of an inserted LacZ gene under the control of sca regulatory elements. At the restrictive temperature, intermediate group cells were uninhibited and retained ␤-galactosidase. After a 2-hour shift to the restrictive temperature, ␤-galactosidase remained detectable in the R2, R3, R4 and R5 precluster photoreceptor cells that had initiated R8 development at the restrictive temperature but then been inhibited. However, precluster cells were sometimes unlabelled, and nearby cells were sometimes labelled (Fig. 5i) . These results show that intermediate group cells can adopt cell fates outside the five precluster photoreceptors and suggest that cells outside the intermediate groups can be recruited to the precluster.
Interestingly, not all aspects of the Notch ts1 phenotype could be reversed. The regular hexagonal array of R8 cells was not restored after return to permissive temperatures (Fig. 5c,f) . When Notch functions in columns 0-1 (later than the normal time), different cells may be selected as R8 precursors. Disorder in the R8 array continued indefinitely during subsequent development at the permissive temperature, even after only 2 hours at the restrictive temperature, which did not produce abnormally constructed ommatidia (Fig. 5g,h ).
Expression of E(spl) bHLH proteins during R8 selection
The E(spl) region contains genes transcribed in response to Notch signaling, providing an independent method for assessing its spatial and temporal extent. Two monoclonal antibodies have been described: the mAb174 antibody interacts only with the product of the m␦ gene; the mAb323 antibody interacts with the m␦ and m␥ proteins, and possibly with the m␤ and m3 proteins [13] .
In the eye disc, the m␦ protein was expressed predominantly in the morphogenetic furrow during R8 cell determination (Fig. 6a) . This expression was dynamic. In summary, m␦ was detected both in cells expected to be undergoing Notch signaling and in other cells where Notch signaling was not anticipated. In addition to morphogenetic furrow expression, m␦ protein was re-expressed in column 5 in a subset of the undifferentiated cells with basal nuclei. Around column 12, this expression was slowly replaced by expression in developing cone cells (Fig. 6a) . The mAb323 antibody labelled a similar pattern of cells to mAb174, except that expression in undifferentiated cells began sooner, in column 3, extended to include most or all such cells, and was maintained to the posterior margin of the disc (Fig. 6b) .
In the morphogenetic furrow, m␦ protein was detected in an array of cell clusters (Fig. 6c ). Double-labelling m␦ and ato proteins showed that non-expressing cells corresponded to the intermediate groups which expressed ato ( Fig. 6d-f) . When the intermediate groups resolved to single R8 cells, m␦ expression replaced ato in all intermediate groups cells except the R8 cell precursor. After column 0, m␦ expression declined and was barely detectable by column 2 (Fig. 6c-f ). This m␦ expression is exactly as expected from studies of Notch loss-and gain-of-function genotypes; m␦ expression in intermediate group cells corresponds to the Notch-dependent repression of ato in the cells, and the absence of m␦ from the R8 precursor corresponds to the absence of Notchsignaling in this cell. Rapid decay of m␦ expression after R8 resolution reflects the absence of any maintenance function for Notch signaling.
The m␦ protein was also detected outside the intermediate groups, in cells where Notch was not functioning to prevent neurogenesis (Fig. 6e-g ). Such m␦ expression preceded the intermediate group stage, occurred within the prepattern domain of ubiquitous ato expression, and was lost from cells becoming intermediate groups (Fig.  6g) . This E(spl) expression was not anticipated given the uniform ato pattern. However, the insensitivity of the ato prepattern expression to E(spl) bHLH proteins is consistent with the inability of Notch intra protein to repress ato expression at this stage.
When Notch signaling was activated constitutively by Notchintra expression, m␦ protein was expressed in all cells (Fig.  6h) . Conversely, when Notch signaling was inhibited in the Notch ts1 mutant, none of the E(spl) proteins detected by mAb323 were expressed in intermediate groups (Fig. 6i) . Thus, Notch signaling is sufficient for m␦ expression and necessary for ato repression in the intermediate groups.
In sca GAL4 /+;UAS-Ser/+ eyes, ato expression was inhibited rarely in differentiating R8 cells in columns 0-3. The sca GAL4 insertion begins to drive reporter gene expression in column 1. In sca GAL4 /+;UAS-LacZ/+ eyes, ␤-galactosidase accumulated in groups of nuclei surrounding and including the R8 cells of columns 2 and 3 (Fig. 6j) . In sca GAL4 /+; UASSer/+ eyes, m␦ protein was also induced in groups of cells in columns 2 and 3, but not in the R8 cells, which corresponded to holes in the m␦ expression pattern (Fig. 6l) . In wild-type, m␦ protein was absent from these cells (Fig. 6k) .
Discussion
Extensive studies by Jarman and colleagues [39, 41] have shown that ato function is required autonomously for R8 determination. Expression of ato in R8 cell precursors occurs in the morphogenetic furrow in columns 0, 1, 2 and 3. R8-specific expression evolves from earlier more widespread expression. Anterior to column 0, ato is present in intermediate cell groups of about ten cells each, surrounding the location of future R8 cell precursors. Anterior to the furrow, ato expression begins in all cells of the column. Thus, the R8-specific pattern evolves through increasing repression of ato expression. We have analyzed the role of Notch in ato repression, and find that successive phases of ato expression differ in sensitivity to Notch signaling. These changing responses are discussed below and summarised in Figure 7 .
Prepattern phase
In the prepattern phase, ato expression is initiated in all cells anterior to the morphogenetic furrow. Activated Notch intra does not inhibit ato expression during the prepattern phase. This is not due to complete absence of Notch signaling components, because E(spl) m␦ is induced in these cells by Notch intra . Aspects of E(spl) bHLH function require the co-repressor protein groucho [49] , but the (1a,2a) , and the same program is repeated (3a-5a). 5a is close to the equator so the pattern reverses below 5a. Similar progression can also be seen in (c-e). (h) m␦ expression in hsNotch intra , 2 h after 1 h heat shock. m␦ protein is in every cell, peaking in the morphogenetic furrow (arrow). groucho protein is uniformly and ubiquitously expressed in eye discs including cells anterior to the furrow [50] . At this stage, therefore, the ato gene is probably expressed using regulatory elements that are not susceptible to repression by E(spl) m␦. Such expression ultimately depends on Hedgehog [51] , but the regulatory elements responsible have not been characterized.
Intermediate groups
Appearance of the intermediate groups correlates with dramatic changes in regulation and function of ato. Firstly, ato expression is lost from about half the cells, leaving the pattern of intermediate groups. Secondly, the ato target gene sca becomes transcribed in all ato-containing cells [42] . Thirdly, ato expression becomes autoregulatory, as ato transcription ceases at this point in ato mutants [41] . The autoregulation might be direct, or might occur by an indirect mechanism. Fourthly, ato expression becomes repressible by Notch signaling. We conclude that the prepattern mechanism previously responsible for ato expression must no longer be present, as ato disappears from about half the cells, and also because continued expression requires ato function and is inhibited by Notch, unlike expression in the prepattern phase. In addition, ato is now required for transcription of two genes, sca and ato, suggesting a change in the transcriptional activation properties of the ato protein. This could be intrinsic to ato or involve changes in other factors. The regular spacing of the intermediate groups depends in part on the secreted protein sca rather than Notch [27, 42] .
Within the intermediate groups, selection of individual R8 cells occurs. Notch signaling is required to repress ato in cells other than R8 precursors; Notch intra is able to repress ato in all cells. Therefore, R8-cell-specific ato expression should reflect the pattern of Notch signaling, active in most intermediate group cells, but inactive or ineffective in the R8 precursor cell. This inference was confirmed by the pattern of E(spl) m␦ expression, which replaced ato in all repressed cells but not R8 cells.
Differentiating R8 cells
Several lines of evidence suggest that the role of Notch in ato repression is transient and is no longer required once ato is expressed only in differentiating R8 cells. Firstly, no ato re-expression was observed by other cells in columns 0-3 when Notch function was inhibited in Notch ts1 . Secondly, E(spl) m␦ expression decays in column 1, indicating reduced Notch signaling. E(spl) m␦ protein in column 0 might reflect protein left over from intermediate group resolution, or persistent unnecessary signaling from the R8 cell to its neighbors. A transient Notch requirement is consistent with the changes in ato regulation that occurred in intermediate groups. As ato function is required to maintain ato expression, and the prepattern seems to be lost, ato re-expression should not be possible in cells from which ato is absent after column 0.
A different conclusion pertains to the R8 precursors themselves, which were selected from the intermediate groups by the absence of Notch signalling. Here, the level of Notch activity continues to be important. R8 differentiation and
Figure 7
Model for Notch function in the morphogenetic furrow. Prepattern, intermediate group and R8 precursor cell phases of ato expression are shown along with the inferred regulatory pathways. In the prepattern stage, expression of ato begins in all cells in response to signaling by hedgehog (hh) and decapentaplegic (dpp). In the intermediate groups, ato expression is lost from about half the cells as the prepattern ceases to direct ato expression. Maintenance of ato transcription is autoregulatory, perhaps directly so. Notch signaling now inhibits ato expression, either repressing the ato promoter or inhibiting ato protein function. The target gene sca is activated in response to ato, and inhibited by Notch signalling, either because of loss of ato protein or inhibition of ato protein function (shown). Other target genes involved in R8 differentiation may be similarly affected. In the R8 precursor stage, R8 precursors are selected by virtue of low Notch activity, reflecting a pattern of Notch-Delta interaction whose basis is not understood. In columns 0-1, activation of Notch or ligand expression can inhibit R8 differentiation. R8 precursors are less sensitive in columns 2-3, so that ligands rarely inhibit R8 differentiation but activated Notch intra protein does. After column 3, ato expression ceases but R8 differentiation continues and is no longer inhibited by Notch. By column 3, when ato expression ceases, the differentiating R8 precursor cells express several neural antigens and extend an axon towards the brain. Such late expression is unusual for proneural genes and suggests that ato might have a dual role as a neural precursor gene in R8 cells.
Coupling of Notch activation to ato repression is temporally restricted
Temporal restriction is likely to serve several purposes. Firstly, it makes sense that lateral inhibition should occur after the prepattern phase, as otherwise it would be difficult to repress ato expression in the face of unremitting transcription driven by the prepattern. Loss of the prepattern component of ato expression may be essential for R8 patterning to be coupled to Notch signalling, which may already be occurring before ato expression becomes sensitive (see below). Secondly, R8 selection is influenced only by signals present during a defined period and not by patterns of signals present earlier or later. Consistent with this, we found that delaying lateral inhibition into columns 0 or 1 in the Notch ts1 allele led to selection of an aberrant R8 pattern.
Previously, Brown et al. [52] found that advanced neural differentiation in hairy, extramacrochaetae double mutants was also associated with spacing defects consistent with aberrant R8 patterning. Thirdly, temporal restriction permits the use of Notch signaling for other purposes before and after R8 selection. Significantly, E(spl) bHLH protein expression in the wild-type correlated with the R8 cell pattern only during the window of ato sensitivity. Immediately before and after this period, E(spl) bHLH proteins were expressed in other patterns. The mAb323 antibody detected further bHLH protein expression in column 3, shortly after R8 cells lose sensitivity. It is possible this indicates involvement of Notch signaling and E(spl) in a process other than R8 inhibition, such as regulation of other photoreceptor cell types which are affected by Notch activation (Figs. 2,3 ) [48] . E(spl) proteins were also expressed before the intermediate group stage, when such expression does not lead to repression of ato. We think Notch signaling is involved in a distinct process at the anterior of the furrow (our unpublished results).
Notch inhibits autoregulatory ato expression
Sensitivity of ato to Notch signalling corresponds to the period when ato expression depends on ato function [41] ( Fig. 1c) . This suggests that patterning is affected by Notch in a simple way, through interfering with ato autoregulation. Consistent with this view, Notch signaling repressed only cells containing ato protein, led to irreversible loss of ato expression, and was not required further to maintain the ato gene in an inactive state. It has not yet been determined whether ato acts directly on transcription of the ato gene, or whether the pathway of autoregulation is less direct. In either case, Notch signaling may interfere either through silencing ato transcription or through inhibiting ato protein function. E(spl) bHLH genes, which are transcribed in response to Notch signaling [13] [14] [15] 53] , have been implicated in both types of mechanism [33, 49, [54] [55] [56] [57] . It is also possible that E(spl) proteins might bind to the sca gene and inhibit transcription directly.
Conclusions
In the Drosophila eye, selection of R8 precursor cells by a pattern of Notch activity can be related to successive phases of proneural gene expression. R8 selection occurs at the intermediate group stage, when Notch activity is high in all the cells except the future R8 cells. As ato expression is autoregulatory, Notch activity is not required further after ato is lost from non-R8 cells. However, Notch inactivity continues to be important in the R8 cell, and such inactivity is maintained for several hours. R8 selection may not be the only use of Notch signaling by these cells. Rather, earlier Notch signalling is not coupled to ato repression, because competing prepattern-driven expression cannot be inhibited. It is possible that earlier Notch signalling contributes to the pattern of Notch activity when R8 selection begins (Fig. 7) .
Transitions to autoregulation of key transcription factors may often be important in development. Such transitions permit cells responding to intercellular signals at a critical time subsequently to maintain their cell state independent of signaling, so linking pattern formation to cell determination. For example, in Drosophila embryogenesis, expression of the transcription factor Engrailed in epidermal posterior compartments requires interaction with neighboring wingless-expressing cells to induce autoregulation, once a prepattern of pair-rule gene transcription factors decays [58] .
In other neural tissues, the proneural prepatterns are likely to differ from that in the morphogenetic furrow of the eye disc. Some prepatterns may decay more slowly and overlap with autoregulatory proneural expression.
Other prepatterns may recur in the same or nearby cells. Some prepatterns may involve transcription mechanisms which are themselves sensitive to Notch signalling. In these cases, proneural repression by Notch, although mechanistically similar, might become apparent at different stages of neural differentiation because of distinct timing and mechanisms of prepattern expression.
Materials and methods
Drosophila strains
Notch ts1 was used as described [27] . The hsNotch intra flies were homozygous for a chromosome II insertion [9] . Larvae were transferred to microfuge tubes for 38°C heat shock in a water bath. The ato mutant genotype was ato 1 /Df(3R)p 13 [39] . For GAL4-driven gene expression, larvae were heterozygous for the Gal4 and UAS transformants unless otherwise described, and raised at 25°C. The UAS-ato flies (line #4) were described previously [38] . A chromosome III UASLacZ insertion was used [59] . The UAS-Ser flies were obtained from R. Fleming [12] , and UAS-nuclearLacZ (UAS-NZ) from Y. Hiromi (Princeton University). D120 and A2-6 were the ␤-galactosidase enhancer traps at sca [44] . The sca GAL4 line used was a gift of E. Knust. To assess the sca GAL4 /+;UAS-Ser/+ phenotype, ELAV-expressing neurons were counted from column 10 posteriorly.
Tissue preparation
The anti-ato antibody [39] was used as described [42] . Anti-scaR and scaT antisera [42] and the ␤-galactosidase-specific monoclonal #40-1a were used as described [60] . Adult eye sections and cobalt sulfide staining were performed as described [60] . mAb40-1a, developed by T.L. Mason and J.A. Partaledis (University of Massachusetts, Amherst), and the ELAV-specific monoclonal 9F8A9, developed by G. Rubin (University of California, Berkeley), were from the DSHB (Department of Pharmacology and Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, and Department of Biological Sciences, University of Iowa, Iowa City). mAb 9F8A9 was used as described [61] . The neuronal form of neuroglian was detected using mAbBP104 [62] . For E(spl) protein detection, eye imaginal discs were fixed (20 min, 20°C) in 4 % paraformaldehyde, 0.1 M piperazine-N,N-bis(2-ethanesulfonic acid) pH 6.9, 2 mM EGTA, 1 mM MgSO 4 . After blocking (0.1 M sodium phosphate pH 7.2, 5 % normal goat serum, 0.5 % NP40 (Sigma) for 1 h on ice), mAb174 or mAb323 supernatants [13] were used diluted 1:1 in the same buffer. After incubation overnight at 4°C and three 1 min washes, HRP-conjugated goat anti-mouse secondary antibody (Jackson Immunoresearch) was used at 1:200 dilution and subsequent detection with the diaminobenzidine reaction in the presence of 1.5 mM NiCl 2 , 1.5 mM CoCl 2 .
For confocal microscopy, FITC-, Texas Red-, or Cy3-conjugated secondary antibodies were detected using the Biorad MRC600 instrument (AIF, AECOM); the sca GAL4 UAS-Ser experiment used biotin-SP conjugated goat anti-mouse and Cy3-conjugated steptavidin to visualize E(spl) m␦ expression.
All figures were assembled using Adobe Photoshop 2.5.1 on a Power Macintosh 6100/60 computer. Photomicrographs were transferred digitally from Ektachrome images by Kodak.
